In particular, we recorded substance specific as well as dose and time dependent PARylation responses using independent bioanalytical methods based on single cell immuno fluorescence microscopy and quantitative isotope dilution mass spectrometry. Furthermore, we analyzed if and how PARylation contributes to mustard induced toxicity by treating HaCaT cells with CEES, SM, and HN2 in combination with the clinically relevant PARP inhibitor ABT888. As evaluated by a novel immunofluorescence based protocol for the detection of N7 ETE guanine DNA adducts, the excision rate of CEES induced DNA adducts was not affected by PARP inhibition. Furthermore, while CEES induced moderate changes in cellular NAD + levels, annexin V/PI flow cytometry analysis revealed that these changes did not affect CEES induced short term cytotoxicity 24 h after treatment. In contrast, PARP inhibition impaired cell proliferation and clonogenic survival, and potentiated micronuclei formation of HaCaT cells upon CEES treatment. Similarly, PARP inhibition affected clonogenic survival of cells treated with bi functional mustards such as SM and HN2.
Introduction
Sulfur mustard (SM), bis(b chloroethyl) sulfide also known as mustard gas, was first used in chemical warfare during WWI and later on in several other military conflicts and still remains a significant threat through its potential use in terrorist attacks or exposure of personnel involved in the disposal of old SM depots (Debiak et al., 2009; Mangerich and Esser, 2014) . SM is a bi functional alkylating agent that reacts with many cellular targets, including lipids, proteins and nucleic acids, forming both intra and inter molecular cross links. It has strong vesicant and blister forming properties affecting primarily the skin, the eyes, and the respiratory tract. In particular, basal keratinocytes are sensitive to SM induced cytotoxicity causing detachment of these cells from the basement membrane and detachment of the epidermis from the dermis. Chronic toxicity comprises multiple skin and respiratory pathologies and an increased cancer risk . Several clinical approaches have been tested for the development of antidotes to treat SM exposed people, such as antioxidants, scavengers, anti inflammatory drugs and protease inhibitors, but thus far, none of them yielded a satisfying therapy (Debiak et al., 2009; Kehe et al., 2009) . Based on its commercial availability and access, the SM mono chloro derivative 2 chlor oethyl ethyl sulfide (CEES) is widely used in laboratory settings as a SM substitute in experimental research. This compound also displays vesicant properties, but at $100 fold higher concen trations . Ironically, in the aftermath of WWI and WWII, it was recognized that nitrogen mustard gas exerts strong cytostatic effects on the hematopoietic system. This led to the dawn of modern cancer chemotherapy through the synthesis of several nitrogen mustards, yielding the first chemotherapeutic drug mustine (HN2, bis[2 chloroethyl]methylamine) (Gilman and Philips, 1946) . When applied to skin, nitrogen mustards cause similar toxic effects and pathologies as compared to SM treatment , 2014b . Several nitrogen mustard based cytostatic compounds were developed, including chlorambucil, melphalan, and cyclophosphamide, all of which are still in clinical use today to treat various forms of leukemia and other malignan cies (Neidle and Thurston, 2005) .
At present the exact cellular mechanisms of mustard induced toxicity remain elusive, but it is thought that mustards elicit their toxic effects by induction of various forms of cell death and a strong inflammatory response, primarily caused by unrepaired DNA damage Shakarjian et al., 2010) . When SM reacts with DNA this mainly leads to the alkylation at the N7 position of guanine and at the N3 position of adenine resulting in the formation of N7 hydroxyethylthioethyl guanine (N7 HETE Gua) and N3 hydroxyethylthioethyl adenine (N3 HETE Ade), respec tively. In addition, bi functional mustards, such as SM, HN2, or chlorambucil form biadducts between two guanine N7 positions to yield bis(N7guanine ethyl) sulfide (N7 Gua ETE N7 Gua) DNA crosslinks. Quantitative analysis estimated the relative distribution of these adducts to be $60 88% dG monoadducts, $10 42 % dG crosslinks, and $1 10% dA monoadducts depending on the methods used, the target material/tissue exposed, and the dose applied (Batal et al., 2013; Fidder et al., 1994; Yue et al., 2014) . Crosslinks can be detected as early as 30 min after exposure in human lymphocytes (Debiak et al., 2011) and persist in SM exposed mouse tissue for up to several weeks (Batal et al., 2013) . Interestingly, after cutaneous exposure, SM induced DNA adducts could also be detected systemically in many internal organs, such as brain, lung, kidney, and spleen (Batal et al., 2014) . In contrast to bi functional agents, mono functional agents, such as CEES, can only form monoadducts, with N7 ethylthioethyl guanine (N7 ETE Gua) being the most abundant base damage, however still sufficient to induce genomic instability in human cells (Batal et al., 2014; Bennett et al., 2014) . In addition, it has been reported that several hours after treatment, mustard agents induce oxidative stress via mitochondrial dysfunction, induction of ROS/RNS generating genes, and GSH depletion on a cellular level or via the recruitment of ROS/RNS generating immune cells on a tissue level, which also leads to the generation of oxidative DNA damage Jain et al., 2011; Steinritz et al., 2014) . While mustards are not thought to produce DNA strand breaks by direct reaction with DNA, both DNA single as well as double strand breaks are introduced during subsequent DNA repair processes and potentially by secondary ROS formation (Debiak et al., 2011; Inturi et al., 2011; Jain et al., 2011) . If persistent, mustard induced DNA damage can cause genetic mutations during cell division or induce cell death via apoptosis and necrosis (Boulware et al., 2012; Kehe et al., 2008; Matijasevic and Volkert, 2007; Powell et al., 2010) .
Poly(ADP ribosyl) ation (PARylation) is a post translational modification that occurs under physiological and pathophysiologi cal conditions and is involved in the genotoxic stress response. Poly (ADP ribose) polymerases (PARPs, also named ARTDs) can bind to DNA single or double strand breaks and some other non canonical DNA structures, which triggers their enzymatic activation (Hot tiger, 2015) . Activated PARPs use NAD + as a substrate to synthesize the nucleic acid like biopolymer poly(ADP ribose) (PAR) with chain lengths of up to 200 ADP ribose units (Gibson and Kraus, 2012; Martello et al., 2013) . PARylation refers to the covalent modification of proteins with PAR by modifying specific amino acids. Alternatively, a number of proteins can also noncovalently interact with PAR via distinct PAR binding motifs. By this means, PAR modulates physico chemical properties of target proteins including PARPs themselves and several factors involved in chromatin remodeling and DNA damage response (Krietsch et al., 2013) . Importantly, DNA damage induced PARylation is transient and highly dynamic, since PAR is rapidly hydrolyzed by poly(ADP ribose) glycohydrolase (PARG) and other PAR degrading enzymes (Barkauskaite et al., 2013; Hottiger, 2015; Martello et al., 2013) . PARylation exerts pleiotropic functions in genome mainte nance, but also in a host of other cell functions such as chromatin remodeling, transcription, intra cellular signaling, cell cycle control, epigenetics and regulation of cell death (Beneke, 2012; Kraus and Hottiger, 2013; Robert et al., 2013) . On an organismic level, these functions link PARylation to mechanisms of inflam mation and metabolism as well as tumor suppression, for which PARP inhibitors are currently being tested in tumor therapy (Bai and Virag, 2012b; Curtin and Szabo, 2013; Bürkle, 2011, 2012) . Papirmeister et al. (1985) were the first to propose a biochemical hypothesis on the mechanism of SM induced cytotoxicity by suggesting that DNA strand breaks that are formed during cellular DNA repair activate PARPs to produce PAR by the consumption of cellular NAD + , thereby driving the cell into necrosis. Indeed several subsequent studies demonstrated a decline in intracellular NAD + dependent on time and dose of SM exposure. This effect could at least partially be reversed by pharmacological PARP inhibitors suggesting a role for PARylation in SM induced NAD + decreases (Hinshaw et al., 1999; Meier et al., 1987; Mol et al., 1989; Smith et al., 1990) . However, if and how a PARP dependent decline in intracellular NAD + levels contributes to SM induced cell death is as yet unclear: Several studies revealed a time dependent protective effect of PARP inhibitors on SM induced cytotoxicity (Meier, 1996; Meier and Johnson, 1992; Meier et al., 2000) . It has to be noted that cytotoxicity in these studies was measured by dye exclusion and by this method only necrotic cells are scored as dead cells. Others did not observe such an effect (Kehe et al., 2008; Lin et al., 1994; Rosenthal et al., 2001; Smith et al., 1990) , or even showed a sensitization of CEES induced cell death in the presence of PARP inhibitor treatment (Jowsey et al., 2009) . Furthermore, it has been suggested that PARP inhibition induces a switch in the mode of cell death by inhibiting necrosis but driving cells into apoptosis (Kehe et al., 2008; Meier and Millard, 1998; Rosenthal et al., 2001) . Rosenthal et al. reported that such an effect may even be cell type specific, as it was only observed in skin fibroblasts, but not in keratinocytes (Rosenthal et al., 2001) . Based on the rationale that PARP inhibition preserves NAD + levels and counteracts inflammation, PARP inhibitors were tested as potential therapeutic agents for SM exposures. Interest ingly, in several animal models PARP inhibition and/or boosting of NAD + synthesis led to reduced pathological signs upon SM exposure (Cowan et al., 2003; Gross et al., 1985; Mol et al., 1991; Yourick et al., 1991 Yourick et al., , 1993 Zhang et al., 1995) . Despite previous reports on the effect of PARP inhibitors on SM induced NAD + depletion, cell death and pathology, specific reports characterizing the actual PARylation response upon mustard treatment are incomplete and inconsistent. Using an immuno chemical approach, Rosenthal et al. (1998) Hinshaw et al. (1999) analyzed PAR formation in permeabilized endothelial cells and keratinocytes upon treatment with 250 and 500 mM of SM for 2, 3, and 5 h, showing a 2 4 fold increase in signal intensities (Hinshaw et al., 1999) . Using fluorescence microscopy, Seker et al. (2000) showed PAR formation in MCF7 cells 24 h after glufosfamide treatment (50 750 mM). Using biotinylated NAD + in an ELISA approach, Kehe et al. assessed PAR formation in permeabilzed HaCaT cells upon pulse treatment of cells for 30 min with 10 1000 mM SM followed by further incubation of cells for 45 min in SM free medium leading to a maximum four fold increase in signal intensities (Kehe et al., 2008) . Finally, also using biotinylated NAD + , Paramov et al. (2011a) assessed PARP activity in HaCaT cell extracts upon treatment of cells for 1 h with 0.5 5 mM CEES, leading to a maximum of a $10 fold in signal intensities at 5 mM CEES treatment.
Even though the above cited literature suggests a role for PARylation in mustard induced toxicity, so far, a systematic and comprehensive analysis of PARylation in response to chemical mustard exposure and its role during subsequent genotoxic stress response is not available. However, a detailed characterization of such mechanisms would help to clarify if, on the one hand, PARP inhibitors may potentiate carcinogenic effects of mustard exposure when applied as anti inflammatory antidotes to SM exposed subjects; or, on the other hand, if PARP inhibitors may be used as chemosensitizers in nitrogen mustard based cancer therapy. In an accompanying article in this special issue, we have established and validated a protocol to analyze CEES induced PAR formation in HaCaT cells by means of single cell immunofluorescence micros copy. Moreover, we provided a detailed analysis of the CEES induced PARylation response in HaCaT keratinocytes, which forms an experimental basis to study the molecular mechanism of PARP activation after mustard treatment (Debiak et al., 2015) . In the present study, we investigated PARylation responses and func tional consequences thereof in human HaCaT keratinocytes after treatment with a panel of mono and bi functional mustard agents, i.e., SM, CEES, HN2, and chlorambucil.
Materials and methods

Laboratory safety
Mustards are highly toxic and carcinogenic substances. The use of some of them, i.e., SM is highly restricted and its use in experimental studies requires a special license. All of those substances must be handled with utmost caution, in an appropri ate laboratory setting by experienced personnel with adequate protection. All experiments with SM of the present study were performed at the Bundeswehr Institute of Pharmacology and Toxicology, Munich, Germany.
Treatment of HaCaT cells with chemicals
The human keratinocyte cell line HaCaT (Boukamp et al., 1988) was cultured in DMEM (Life Technologies) containing 10% fetal calf serum (PAA Laboratories) and 1% penicillin streptomycin (Life Technologies) at 37 C, in a humidified incubator with 5% CO 2 . The pharmacological compound ABT888 (Selleckchem) was used to inhibit PARP activity. Stock solutions of ABT888 (2.5 mM) were prepared in ddH 2 O and stored at 80 C. Cells were supplemented with 1 mM ABT888 in fresh medium 30 min prior to mustard treatment (or as indicated). Premixes (100Â) of SM or CEES, or HN2 solutions were prepared in EtOH (95% v/v)/HCl (0.5% v/v) as described in Debiak et al. (2015) . Briefly, directly before cell treatment, 1Â solutions (1% v/v, final concentrations as indicated) were prepared in pre warmed PBS (37 C) and immediately added to the cells. Equal distribution of mustard agents in PBS was ensured by rigorously mixing the tubes. If not indicated otherwise, controls were incubated with 1% (v/v) EtOH/HCl in PBS.
Analysis of PAR formation by isotope dilution mass spectrometry
Analysis of cellular PAR levels by mass spectrometry were performed as described previously (Martello et al., 2013) . Briefly, in order to extract cellular PAR, treated cells were rinsed with PBS (pH 7.4) and harvested by addition of 2 ml 20% TCA (w/v) and the acid insoluble material was detached from the dishes by scraping with a rubber policeman. Subsequently, pellets were washed with ice cold 70% ethanol, resuspended in 225 ml 0.5 M KOH, 50 mM EDTA and incubated at 37 C for 45 min. Alkaline treatment was stopped by neutralization, and 5 pmol of 13 C, 15 N labeled PAR was added as an internal standard. DNA and RNA were digested by addition of 44 mM MgCl 2 , 0.5 mM CaCl 2 , (0.1 mg/ml) DNAse I (Roche) and 55 mg/ml RNAse A (Sigma Aldrich) for 3 h at 37 C, following digestion with 0.2 mg/ml proteinase K (Roche) overnight. PAR extractions were performed using the High pure miRNA isolation kit (Roche) according to the manufacturer's instructions. In order to prepare samples for LC MS/MS analysis, PAR was subjected to digestion with alkaline phosphatase from bovine intestine mucosa (AP) (Sigma Aldrich) and phosphodiesterase I (PDE) (Affymetrix) before LC MS/MS analysis. Samples were brought to a final volume of 500 ml in a solution containing 1 mM MgAc, 30 mM NH 4 Ac, 10 U AP and 0.5 U PDE. Following incubation for 3 h at 37 C, the enzymes were removed using a 10 kD cut off filter (nanosep 10 K, Pall) by centrifugation for 20 min at 14,000 Â g. Cell extracts were vacuum dried and resuspended in 100 ml of mobile phase prior to LC MS/MS analysis. HPLC separation of digestion products was performed using a Waters 2695 separation module and a Hypersil Gold aQ 150 Â 2.1 mm particle size 3 micron (Thermo Scientific) at 30 C. Molecules were separated isocratically with 1% acetonitrile supplemented with 0.1% acetic acid at a flow rate of 0.3 ml/min. The column effluent was coupled to a Quattro Micro mass spectrometer (Waters) operating in positive ESI mode using parameters as reported previously (Martello et al., 2013) .
Analysis of PARylation by immunofluorescence microscopy
Immuno chemical analysis of PAR formation was performed as described in Debiak et al. (2015) with some modifications. Cover slips were placed into 12 well plates and 3.0 Â 10 5 cells/well were seeded and incubated for 24 h prior treatment. Cells were pre incubated with ABT888 for 30 min (or as indicated) and treated with doses of SM/CEES/HN2/chlorambucil for times as indicated at 37 C. Controls were treated with 0.1 mM H 2 O 2 for 5 min. Negative controls were incubated with EtOH/HCl in PBS (EtOH/solvent control). Cells were washed in ice cold PBS and fixed in ice cold 100% methanol for 7 min. Then, cover slips were washed three times with PBS for 5 min, blocked in TBS containing 5% (w/v) skim milk powder and 0.1% (w/v) Tween20 for 30 min at 37 C, and samples were incubated with anti PAR primary antibody (10H) over night at 4 C in a humidified chamber. Cover slips were washed three times for 5 min in PBS and incubated with an Alexa488 labeled secondary antibody for 1 h at 37 C in the dark in a humidified chamber. Cover slips were washed three times for 5 min in PBS and incubated with Hoechst 33342 (0.2 mg/ml in PBS)
for 5 min at RT, washed again three times for 1 min in PBS, and mounted on glass slides using Aqua PolyMount (Polysciences). Images were acquired using a Zeiss Axiovert 200 M epifluorescence microscope equipped with an AxioCam MRm camera, and were analyzed with the Axiovision or ImageJ software. Imaging data were also analysed by TissueFAXS Software (3.5.5120.128) and TissueQuest Software (4.0.1.0127) (TissueGnostics). Laser scanning microscopy pictures were acquired with a Zeiss LSM 710 micro scope.
Analysis of N7 (H)ETE guanine adducts by immunofluorescence microscopy
For immunofluorescence staining for mustard induced guanine adducts, cells on cover slips were washed twice with PBS and were fixed with methanol containing 3% acetic acid at 20 C. Then, slides were washed with PBS four times for 5 min, cells were permeabilized in 0.1% sodium citrate and 0.3% Triton X100 for 10 min at 4 C, cultures were washed again with PBS four times, and were incubated in 80% formamide in PBS for 30 min at 75 C. Subsequently, plates were incubated for 5 min at 4 C and then with the N7 (H)ETE guanine specific primary mouse monoclonal antibody 2F8 (TNO, The Netherlands) (Kehe et al., 2013) diluted 1:5000 in Dako Antibody Diluent at 4 C overnight. Then, samples were washed four times for 5 min and incubated with an Alexa488 coupled secondary antibody diluted in Dako Antibody Diluent for 90 min at 37 C. Finally, samples were washed four times, DNA was stained with Hoechst 33,342 (0.2 mg/ml in PBS) for 5 min at RT, and cover slips were mounted on glass slides using Aqua PolyMount (Polysciences). Images were acquired using a Zeiss Axiovert 200 M epifluorescence microscope equipped with an AxioCam MRm camera, and were analyzed with Axiovision or ImageJ software.
Analysis g H2A.X formation by immunofluorescence microscopy
For detection of g H2A.X an immunocytochemistry staining was performed. Cells were fixed with 4% PFA at RT for 30 min. For permeabilization, cells were incubated in PBS with 0.1% sodium citrate and 0,3% Triton X100 for 10 min at 4 C. After several washing steps, unspecific binding sites were saturated with blocking solution (DakoCytomation) for 30 min at RT. Then samples were incubated with primary antibody solution (Milli pore, 1:600) over night at 4 C. The secondary antibody Dy549 anti mouse (Vector, 1:800) was incubated for 1.5 h at RT. All steps were performed in an automated manner by using a pipetting robot with temperature control (Tecan freedom evo). Nuclei were stained with DAPI by incubating samples for 5 min with 300 nM DAPI (BioLegend). After several washing steps, cells were then embedded with ProLongAntifade (Invitrogen). The fluorescence intensity in all nuclei was analyzed by a microscope system of TissueGnostics using TissueQuest software.
Determination of LC 50 values of alkylating compounds
HaCaT cells were seeded in 96 well plates at a density of 25,000 cells per well and grown in DMEM, supplemented with 10% FCS for 24 h. DMEM was removed and cells were exposed to a specific agent, either SM, HN 2, chlorambucil or CEES at concentrations of 12.4 mM, 37.0 mM, 111 mM, 333 mM, 1000 mM and 3000 mM for 1 h. In case of SM, the 3000 mM concentration was omitted and concentrations from 4.1 mM to 1000 mM were used. Agents used for exposure were dissolved in Minimum Essential Medium (MEM). Control wells received pure MEM, whereas 100% cytotox icity was induced by 0.1% Triton X 100, dissolved in PBS. Each exposure group consisted of 12 wells, i.e. a row on the 96 well plate. After 1 h, poisoned and control medium was removed and replaced by fresh DMEM, supplemented with 5% FCS. Cells were incubated for 48 h. Cell vitality was then determined, using the XTT assay (Roche, Switzerland). Non linear regression of dose response curves and determination of LC 50 values was conducted, using GraphPad PRISM software.
Annexin Vjpropidium iodide staining
To analyze the mode of cell death after CEES treatment, HaCaT cells were seeded at 6.0 x 10 5 cellsfwell in 12 well plates and incubated for 24 h. Prior treatment of cells with CEES for 1 h, cells were pre incubated with ABT888 for 30 min. Then, cells were washed with PBS, supplemented with medium and incubated for another 23 h. Thereafter, medium containing cell debris and detached cells were collected in pre chilled 15 ml tubes. Cells were trypsinized, added to the tubes as well, all cells were pelleted at 1000 rpm for 5 min at 4 °(, washed with 5 ml cold PBS, and counted with a CASY cell counter (Roche). Then, cells were centrifuged at 1000 rpm for 5 min at 4 oc and resuspended in annexin V binding buffer at a final titer of 2.0 x 10 6 cells/mJ. In the dark, 2.5 f.Ll of annexin V FITC solution (Enzo Ufesciences) was mixed with 50 f.Ll cell suspension, samples were incubated for 15 min on ice, and 245 f.Ll annexin binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCI, 2.5 mM CaCh) and 1 f.Ll propidium iodide ( 1.0 mg/ mJ ) were added. Subsequently, samples were subjected to flow cytometric analysis (BD l.SR H).
NAD• cycling assay
NAo• levels were determined as described previously using an enzymatic cycling assay modified from (Jacobson and jacobson, 1976) . Briefly, after treatment, cells were harvested and 1 x 10 6 cells were resuspended in 1 ml PBS and immediately placed on ice. Subsequently, 48 f.Ll of perchloric acid {11.63 M) was added, reaction mixtures were incubated for 15 min on ice, and centrifuged for 10 min at 1500 x g. Then, the supernatant was 
Proliferation assay
Cells were seeded in 12 well plates in triplicates and treated with ABT888 and CEES as described above. For time series experiments, non treatment controls were included for every time point. At the time points of interest, cells were trypsinized and cell numbers were determined using a CASY cell counter (Roche).
Cytokinesis block micronucleus assay
The assay was performed based on a protocol published by (Fenech, 2007) with some modifications. Briefly, 3 x 10 5 cells were seeded on cover slips and incubated in medium supplemented or not with 1 f.LM ABT888, 30min prior to mustard exposure for 1 h. Thereafter, samples were washed twice with PBS and cells were incubated for another 24 h in medium containing 6 1-Lg/ml cytochalasin B (Sigma Aldrich) to block cytokinesis in the absence or presence of ABT888. After 24 h, supernatant was removed and slides were washed twice and fixed with pre cooled methanol at 20 oc for 7 min. Subsequently, samples were washed three times immunofluorescence microscopy. Cells were treated with HN2 at concentrations as indicated for 20 min or with 100 mM H 2 O 2 for 5 min as positive control and subjected to immunofluorescence staining. Scale bar indicates 20 mm. Densitometric evaluation of microscopic data; means AE SD of 3 independent experiments. C. Characterization of H 2 O 2 -, CEES-and SM-induced PARylation in HaCaT cells using laser scanning microscopy. Cells were treated with 3 mM CEES and 0.3 mM SM for 10 min or with 1 mM H 2 O 2 for 5 min. D. Dose-dependent induction of PAR formation after treatment with low doses of SM, CEES, and HN2 as analyzed by quantitative isotope-dilution mass spectrometry as described in (Martello et al., 2013) . Data represent means AE SD from at least 3 independent experiments. Statistical analysis was performed using one-way ANOVA testing followed by Dunnett's multiple comparison testing. *P < 0.05, **P < 0.01; ***P < 0.001.
for 5 min, DNA was stained with Hoechst33342, and coverslips mounted on glass slides using Aqua PolyMount (Polysciences). Counting of micronuclei was performed by a blinded evaluator using a Zeiss Axiovert 200 M epifluorescence microscope following the criteria by Fenech (Fenech, 2007) .
Clonogenic survival assay
The assay was performed based on a protocol published by Franken and colleagues (Franken et al., 2006) with some modifications. Briefly, HaCaT cells (2 Â 10 5 cells/ml) were incubated for 10 min in the presence or absence of 1 mM ABT888 before addition of 10 ml of a 100Â CEES stock or EtOH/ HCl control solutions. After 30 min incubation, 100 ml of the cell suspensions were transferred into 9.9 ml of PBS, resulting in a cell titer of 2 cells/ml. Cells were seeded in adequate cell numbers in 6 cm plates and incubated for 2 weeks in the presence or absence of 1 mM ABT888. Then, medium was removed and colonies were fixed and stained for 30 min using a solution of 6% glutaraldehyde (Sigma Aldrich) mixed with 0.5% crystal violet. The culture dishes were washed with PBS and colonies consisting of at least 50 cells were counted using a stereomicroscope (Leica). Statistical analysis was performed using one-way ANOVA testing followed by Dunnett's multiple comparison testing. *P < 0.05, **P < 0.01; ***P < 0.001.
Statistical analysis
All experiments were performed in replicate numbers as indicated and data analyzed with GraphPad Prism Software, using statistical tests as indicated.
Results
Mustards exhibit substance specific cytotoxicity profiles
Epidermal keratinocytes are considered one of the primary targets for mustard induced pathologies ). In the present study, we used HaCaT cells as an established human keratinocyte model (Boukamp et al., 1988) to study the PARylation dependent molecular toxicology of mustards. To define LC50 values of mustards in these cells and under experimental conditions as used in this study, we performed a comparative cytotoxicity study on a panel of mustard agents, including mono and bi functional nitrogen as well as sulfur mustards (Fig. 1) . As is evident from cytotoxicity profiles, the bi functional mustards SM and HN2 exhibit the lowest LC50 values ($100 mM) whereas the pharmacologically relevant bi functional nitrogen mustard chlor ambucil displayed an LC50 value in the sub millimolar range (377 mM) and the mono functional half mustard CEES at concen trations >1 mM. Based on the finding of similar cytotoxicity of SM and HN2 as well as the structural similarity of SM with CEES, we selected SM and its analogues HN2 and CEES as model substances for further in depth analysis. However, one needs to keep in mind that the CEES toxicity depends on specific conditions of the treatment protocol. The studies of CEES induced cytotoxicity in HaCaT cells reported LC50 values differing by at least one order of magnitude within a range of 0.25 to 2 mM depending on treatment time and conditions applied (Paromov et al., 2011a,b; Tewari Singh et al., 2010 , 2014a .
Sulfur and nitrogen mustards induce PARylation in HaCaT cells in a dose and time dependent manner
Despite the existence of sporadic reports of mustard induced cellular PARylation response (see above, Section 1), this phenom enon is poorly characterized. In an accompanying article (Debiak et al., 2015) , we established a reliable protocol for the treatment of HaCaT cells with CEES and subsequent analysis of cellular PARylation response using immunofluorescence microscopy. Here we applied this protocol to examine systematically dose and time dependent PARylation dynamics upon treatment of HaCaT cells with different bi functional mustard derivatives (SM, HN2, and chlorambucil). We analyzed cellular PAR formation using two completely independent bioanalytical approaches ( Figs. 2 and 3) . Our data obtained with semi quantitative single cell immunofluo rescence microscopy using the PAR specific antibody 10H revealed that both nitrogen and sulfur mustards induce cellular PAR formation in living cells in a dose dependent manner (Figs. 2 and 3 ). As expected, mustard agents induced PAR formation at a lower level than the oxidizing genotoxic agent and strong PARP activator H 2 O 2 , used as a positive control ( Fig. 2A C) . We used 
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confocal microscopy to characterize accurately the intra cellular distribution of PAR in HaCaT cells upon mustard treatment. SM, CEES and H 2 O 2 treatment led to exclusively nuclear PAR formation at distinct foci, strongly indicating an active role of PARylation in mustard induced genotoxic stress response. (Fig. 2C) . Analysis of cellular PAR formation upon low dose mustard treatment using quantitative isotope dilution mass spectrometry as published recently (Martello et al., 2013) proved the dose dependent formation of PAR molecules upon mustard treatment with unequivocal chemical specificity (Fig. 2D) . Specifically, these experiments revealed that bi functional mustards, i.e., SM and HN2, are able to induce cellular PARylation in the low to medium micromolar range, whereas millimolar concentrations of the mono functional agent CEES are necessary to induce PARylation significantly. This is consistent with the fact that CEES induced cytotoxicity is >10 fold lower than those of SM and HN2 (Fig. 1) . Interestingly, PARylation dynamics considerably differed between bi and mono functional mustard derivatives, indicating major differences in the toxicokinetic and/or toxicodynamic properties of these compounds (Fig. 3) . After CEES treatment, PAR formation peaked at 10 min post treatment and declined close to the threshold of sensitivity after 45 min. No second wave of PARylation was observed up to 6 h after treatment (Fig. S1 ). However, it is important to note that even 6 h after treatment, PAR signal intensity was above background, indicating sustained low level stimulation of PARP activity (Fig. S1 ). In contrast, the bi functional compounds clearly induced a biphasic PARylation response, showing a moderate first wave of PARP activation within the first 2 10 min, which declined close to the threshold of sensitivity after 30 min, before inducing a second wave of PARylation with peak values after 60 min. Of note, the pharmacologically relevant bi functional compound chlorambucil also induced PAR formation in HaCaT cells with similar dynamics as observed for SM and HN2 (Fig. 4) , suggesting a role for mustard induced PARylation in chlorambucil related cancer therapy. As shown in Debiak at al. (2015) , when cells were pre incubated for 30 min with 1 mM of the PARP inhibitor ABT888, PAR formation could be strongly inhibited after genotoxic treatment with CEES or H 2 O 2 . To this end, we used this protocol to explore functional consequences of mustard induced PAR formation as reported in the following sections.
Analysis of mustard induced short and long term cytotoxicity as a function of PARP activity
Previously it was reported that SM treatment led to a lowering of NAD + levels, an effect that in some studies could be inhibited by PARP inhibitor treatment (see above, Section 1). While Kehe et al. (2008) observed no changes in overall cytotoxicity upon SM and PARP inhibitor treatment, their results suggested that PARP inhibition induces a switch in the mode of cell death by inhibition of necrosis but promotion of apoptosis. To test if the same holds true upon CEES treatment we exposed HaCaT cells to increasing doses of CEES and determined intra cellular NAD + levels using an enzymatic NAD + cycling assay (Jacobson and Jacobson, 1976 by 40% at 3 6 h after treatment, followed by partial recovery at 24 h after treatment. Once again, application of ABT888 prevented the CEES induced lowering of NAD + levels ( Fig 5B) . Next, to test if these moderate decreases in NAD + levels may affect cellular survival, we treated HaCaT cells with increasing concentrations of CEES and performed cytotoxicity analyses. As expected, annexin V in combination with propidium iodide staining revealed that PARP inhibition significantly reduced apoptotic and necrotic cell death upon H 2 O 2 treatment, most likely due to inhibition of PARP1 and consequently preservation of NAD + levels (Fig. 5C ). It is interesting to note that at lower concentrations of H 2 O 2 treatment (up to $3 mM) PARP inhibition significantly prevented apoptosis induc tion, while at higher concentrations of H 2 O 2 treatment (>5 mM) inhibition of necrotic cell death became more prevalent. In line with the rather moderate reduction of NAD + levels upon CEES treatment, but contrary to previous reports on SM induced cytotoxicity, no effect of PARP inhibition on CEES induced cell death was observed at all, i.e. neither for apoptotic nor for necrotic cell death (Fig. 5C ). To test if less drastic endpoints than cell death were affected by PARP inhibition, we determined the proliferation capacity of HaCaT cells upon CEES treatment in the absence or presence of ABT888. While ABT888 treatment alone slightly, but non significantly, affected cell proliferation, CEES treatment significantly impaired cell proliferation, as expected, at sub millimolar concentrations ( Fig. 5D and E) . Importantly, this effect was potentiated by ABT888. These results indicate that mustard induced PARylation indeed plays a functional role in cellular stress response. In order to characterize this further, we examined clonogenic survival of HaCaT cells upon mustard and PARP inhibitor treatment. The clonogenic survival assay is a very sensitive long term toxicity test, which apart from cell death, takes into account impaired cell adhesion and proliferation effects. Fig. 6 demonstrates that the sole treatment with SM, CEES, or HN2 led to dose dependent impairment of clonogenic survival with EC50 values for SM and HN2 in the low micromolar range, and for CEES in the high micromolar range. Interestingly, while ABT888 treatment alone did not affect clonogenic survival (Fig. 6B) , it significantly sensitized cells to mustard induced toxicity for all three mustards tested, with the largest sensitization observed for SM treatment (Fig. 6) .
Analysis of mustard induced genotoxicity as a function of PARP activity
A key question of this study was to analyze if PARP inhibition sensitizes HaCaT cells to mustard induced genotoxic effects. If this were the case it would imply that PARP inhibitors are contra indicated for SM exposed subjects, due to potential potentiation of SM induced carcinogenesis. To this end, we analyzed two end points of mustard induced genotoxicity, i.e., DNA adducts and micronuclei formation rates.
Excision of CEES induced guanine adducts is not affected by PARP inhibition
To test if PARylation already affects early stages of mustard induced DNA damage response, we analyzed if PARP inhibition combined with CEES treatment impairs proliferation of HaCaT cells. Cells were pretreated AE ABT888 (1 mM) for 30 min and then treated with CEES for 1 h. D. After CEES treatment (0.5 mM), samples were incubated for time points as indicated (AEABT888) and then subjected to cell counting. The inhibitor alone did not influence the cell growth. Data represent means AE SEM from three replicates. E. After CEES treatment at concentrations as indicated, cells were incubated for 72 h (AEABT888) and subjected to cell counting. Data represent means AE SEM from 3 independent experiments. Statistical evaluation was performed using two-way ANOVA testing followed by Sidak's multiple comparison testing. *P < 0.05, **P < 0.01; ***P < 0.001. affects the excision rate of mustard induced guanine base damage. To this end, we modified a recently reported immuno slot blot protocol for the detection of SM and CEES induced N7 (H)ETE guanine base damage (Kehe et al., 2013) for usage in an immunofluorescence setting. Fig S2 demonstrates that this assay is able to detect CEES induced N7 ETE guanine adducts at a concentration of >100 mM CEES and SM induced N7 HETE guanine adducts at a concentration of >10 mM. Using the same assay, we monitored the excision kinetics of damaged bases in HaCaT cells after a single dose treatment of CEES for the time course of 2 days. Interestingly, even two days after CEES treatment, N7 ETE guanine derived signals were clearly above background, indicating that not all base lesions are repaired during this repair period (Fig. 7) . No significant effect of PARP inhibition on the removal N7 ETE guanine adducts was observed within 48 h after mustard treatment. This is consistent with the notion that PAR formation is induced by DNA strand breaks that occur during the repair of DNA adducts. Although this hypothesis needs to be analyzed in greater detail, g H2A.X staining (Fig. S3) as well as previous reports using an automated DNA alkaline unwinding assay (i.e., FADU assay, (Debiak et al., 2011) ) support the notion that DNA strand breaks are formed during SM induced genotoxic stress response, which can lead to PARP1 binding and activation.
PARP inhibition potentiates CEES induced micronuclei formation
To test if PARylation affects later stages of the mustard induced genotoxic stress response we performed the cytokinesis block micronucleus assay. Micronucleus formation is a sensitive biomarker for major genomic rearrangements that occur in dividing cells and is commonly used in genotoxicity testing (Fenech, 2007) (Fig. 8A) . While mustard or ABT888 treatment alone did not significantly increase micronucleus frequencies in HaCaT cells, cultures treated with mustards in combination with ABT888 showed a moderate increase in micronucleus frequencies, which reached statistical significance in samples co treated with CEES and ABT888 ( Fig. 8B and D) These results provide strong evidence for an active role of cellular PARylation in mustard induced genotoxic stress response in order to protect and restore cellular function upon the genotoxic insult. In conclusion, our results show that the use of PARP inhibitors as countermeasures to treat mustard induced injuries must be carefully considered in view of risk benefit analysis and might be restricted to treatment of acute inflammatory conditions; however, they may raise the possibility to use PARP inhibitors as chemosensitizing agents for mustard based cancer therapy.
Discussion
In an accompanying article, we have established a treatment protocol and provided a detailed analysis of the CEES induced PARylation response in HaCaT (Debiak et al. 2015) . The present study provides now a systematic and comparative characterization of the mustard induced PARylation responses and its functional consequences with respect to mustard induced cytotoxicity and genotoxicity in HaCaT cells after treatment with a panel of mono and bi functional mustard agents. Our data revealed substance specific, dose and time dependent PARylation dynamics after Fig. 6 . PARP inhibition combined with mustard treatment impairs clonogenic survival in a substance specific manner. Cells were pre-incubated AEABT888 (1 mM) for 10 min and then treated with mustards at concentrations as indicated for 30 min. After incubation for 2 weeks AE ABT888 (1 mM), samples were subjected to clonogenic survival analysis. A. Representative experiment showing clonogenic survival of HaCaT cells after sulfur mustard treatment. B. ABT888 treatment alone did not significantly influence plating efficiency of HaCaT cells (not significant compared to 100% as evaluated by one-sample t-test). C-E. Dose-response curves for cells treated with SM (B), CEES (C), and HN2 (D). Data represent means AE SD from !3 independent experiments performed in technical triplicates. Statistical evaluation was performed using a paired two-way ANOVA test followed by Sidak's multiple comparison testing (*P < 0.05, **P < 0.01; ***P < 0.001) or Student's t-test ( ## P < 0.01).
treatment of HaCaT cells with four different sulfur and nitrogen mustards using completely independent bioanalytical methods based on immunofluorescence microscopy and quantitative isotope dilution mass spectrometry. These results demonstrate that bi functional agents, such as SM and HN2 induce a biphasic PARylation response with peak values after 60 min, whereas mono functional CEES induces only a single wave of PARylation with much lower potency that peaks at 10 15 min. Furthermore, we provide evidence that PARylation has functional consequences in mustard induced cellular stress response, since PARP inhibition sensitizes cells to mustard treatment in terms of clonogenic survival (SM, CEES, and HN2), cell proliferation (CEES), and micronucleus formation (CEES). These results have several important implications in terms of mechanisms of toxicity of nitrogen and sulfur mustards as well as towards the potential of PARP inhibitors to treat mustard induced injuries, on the one hand, or to support mustard based chemotherapy, on the other hand.
(i) CEES and HN2 as SM surrogates
SM is classified as a Schedule 1 chemical warfare agent and its use is regulated by the Chemical Weapons Convention. Research on SM related molecular mechanisms is of high interest for several reasons (Mangerich and Esser, 2014) : (i) mustard exposure is still a considerable threat, as this may occur during the destruction of existing SM stockpiles or SM release by terroristic attacks or uncontrolled military actions. In order to develop efficient medical countermeasures for mustard induced pathologies, a detailed understanding of the underlying toxicological mechanisms is essential. (ii) SM derivatives, i.e., several nitrogen mustards, are being used as chemotherapeutics for the treatment of various types of cancers. To this end, an understanding of the molecular mechanisms of mustard compounds may help render such therapies more efficient and tolerable. For legal reasons, research partners (e.g., universities or commercial enterprises) of the above mentioned expert laboratories cannot conduct experiments with SM and thus, there is a significant need to define the most appropriate surrogate substances for SM for their research. The mono functional alkylating agent CEES is widely used as such a substitute, because it represents the mono functional analogue to SM [ Fig. 1 , Jain et al., 2011; Jowsey et al., 2009; Sayer et al., 2010; Wang et al., 2012) ]. In addition, the bi functional nitrogen mustard is used as a surrogate agent, because it takes into account the bi functional reaction mechanism of SM [ Fig. 1 , Tewari Singh et al., 2013; Wang et al., 2012) ]. However, which of the two substances represents the more appropriate SM substitute is a matter of debate. Our data suggest that HN2 is actually the preferable substitute to study SM related molecular mechanisms. Like SM, it is a bifunctional agent and its simple structure without any voluminous substituents facilitates rapid reaction with biological macromolecules and thus, high cytotoxic ity. In contrast, chlorambucil is still a bifunctional agent, but a large substituent has been introduced to limit its toxicity and as shown in Fig. 1 , an approx. 4 fold concentration (compared to SM or HN 2) is required to induce a similar 50% cytotoxicity. CEES is a monofunctional alkylating agent and its toxicity profile in HaCaT cells is very different from all other compounds tested: concen trations of up to 333 mM were tolerated without any apparent effect on cell vitality, even 1000 mM only induced a minor, 10% decline, whereas 3000 mM CEES resulted in almost 100% cell death under the conditions used in experiments shown in Fig. 1 . In summary, our results show that with some limitations HN 2, a bifunctional alkylating agent with a simple structure closely resembling SM, represents an appropriate surrogate to study SM related toxicity.
Similar results were achieved in clonogenic survival (Fig. 6 ) cytotoxicity profiles, in which SM and HN2 exhibit similar LD50 values in HaCaT cells, which are >10 fold lower than that of CEES. Furthermore, the PARylation responses induced by SM and HN2 are much more similar than the one induced by CEES. This holds true, both for quantitative aspects of PAR formation (Fig. 2D) as well as for time dependent PARylation dynamics (Fig. 3) . This may be attributed to the fact that SM and HN2 induce DNA crosslinks, whereas CEES does not form this kind of damage. These in vitro results are consistent with the tissue pathology induced by mustard compounds. Thus, while SM and HN2 display similar pathological potencies in mice, CEES needs to be applied in $100 fold higher concentrations to observe comparable effects Wang et al., 2012) . Furthermore, the same holds true for the chemical reactivity of these substances . Differences between SM and CEES induced toxicity also became apparent, when comparing apoptosis and necrosis Fig. 7 . Excision of CEES-induced N7-ETE-guanine adducts is not dependent on cellular PARylation. A. Cells were pre-incubated AE ABT888 (1 mM) for 30 min, treated with 1 mM CEES for 1 h, then incubated up to time points as indicated, and subjected to immunochemical staining using an N7-(H)ETE-G-specific antibody 2F8 as described in Kehe et al., 2008 . Scale bar indicates 50 mm. B. Densitometric analysis from three independent experiments, means AE SD. Statistical evaluation was performed using two-way ANOVA testing followed by Sidak's multiple comparison testing. For a dose-response analysis of CEES-induced N7-ETE-guanine adducts refer to Fig. S2 .
induction by these compounds in the presence of PARP inhibitors. While PARP inhibition induced a shift from necrosis to apoptosis in SM treated cells (Kehe et al., 2008) , our current analysis did not reveal such a shift for CEES treated cells. Furthermore, a proteomics approach studying membrane associated target pro teins of SM and CEES identified differential subsets of proteins that were modified by SM and CEES, underscoring the different cellular mechanisms by which these two compounds exert their toxic effects (Sayer et al., 2010) . Taken together, this implies that caution is indicated when using CEES as the only surrogate to study SM related molecular mechanisms, since CEES and SM may trigger considerably different molecular responses in the cell. Although in many aspects HN2 represents a more suitable SM substitute, also in this case, results need to be interpreted with caution, since even SM and HN2 display substance specific effects. This is exemplified by the finding that ABT888 treatment caused a stronger sensitization of HaCaT cells with regards to clonogenic survival, when treated with SM as compared to HN2 treatment (Fig. 6 ).
In conclusion, we recommend to study CEES and HN2 side by side when using these substances as SM substitutes to analyze mustard induced molecular toxicity, because based on their structure and reactivities, both compounds take into account complementary aspects of SM related chemistry and toxicology.
(ii) PARylation actively participates in the mustard induced cellular stress response:
Although a considerably body of evidence has been collected showing that mustards induce PARP activation, these reports were rather incidental and evidence for functional consequences of this response were inconsistent. The present systematic study reveals substance specific PARylation responses in HaCaT cells after treatment with either mono or bi functional sulfur and nitrogen mustards and demonstrates that PARylation plays a significant role in cellular stress response with functional consequences on mustard induced cytotoxicity and genotoxicity. It is important to note that it is not self evident that mustards induce PARylation, since these substances mainly induce bulky base adducts and DNA crosslinks, but usually no or only a minor fraction of bona fide base excision repair (BER) substrates or direct DNA strand breaks. PARP1, however, which is the main contributor to CEES induced PARylation (Debiak et al., 2015) , is considered to be mainly involved in BER and single strand break repair (Robert et al., 2013) . On the other hand, there is increasing evidence that PARylation also participates in nucleotide excision repair (NER) (Fischer et al., 2014) , non homologous end joining (NHEJ), and homologous recombination (HR), the latter one playing an important role during inter strand crosslink repair (ICL) repair (Pines et al., 2013) . HR was reported to be the major repair pathway protecting cells against acute SM and HN2 toxicity, with NER and NHEJ also contributing to cell survival (Inturi et al., 2014; Jowsey et al., 2010 Jowsey et al., , 2012 Moller et al., 2000; Muller et al., 2000) . In contrast, repair of CEES induced DNA monoadducts seem to rely mostly on BER and NER pathways (Jowsey et al., 2009; Matijasevic et al., 2001 ). Thus, even though mustards do not induce DNA strand breaks directly, strand breaks can occur in response to mustard treatment by enzymatic processes that actively introduce them in the course of DNA repair processes. In line with this view, several studies revealed the induction of DNA strand break markers, such as phosphorylation of H2A.X, ATM/ATR, CHK1/2 and p53, upon White arrow indicates micronucleus. Scale bar indicates 10 mm. B-D. Cells were pre-incubated AE ABT888 (1 mM) for 30 min, then treated with SM (B), CEES (C), HN2 (D) at concentrations as indicated for 1 h, incubated AE ABT888 (1 mM) and cytochalasin-B for another 24 h, and subjected to micronucleus analysis under blinded condition. PBS refers to PBS control, EtOH to ethanol solvent control. Data represent means AE SD from 3 independent experiments. Statistical evaluation was performed using two-way ANOVA testing followed by Sidak's multiple comparison testing. *P < 0.05. mustard treatment (Debiak et al, 2011 ; lnturi et al., 2011; Jain et at., 2011; jowsey et al., 2009 , 2012 (Fig. S3) . Reconciling these findings, it is likely that the observed substance specific PAR ylation dynamics represent the occurrence of DNA strand breaks, introduced by endonucleases in the course of the different DNA repair mechanisms in action (Fig. 9 ) . Interestingly, a biphasic PARylation response, as observed in the present study after treatment with bi functional mustards, resembles very much the cellular response after UVB irradiation that also resulted in initial PARP activation after 5 min and then later between 60 and 120m in (Vodenicharov et al., 2005) , suggesting that BER and NER related mechanisms are at work here.
In conclusion, these results suggest a participation of PARP in the mustard induced cellular stress responses to repair different kinds of DNA lesions in order to maintain cellular homeostasis afte r mustard treatment. Consistent with this, studies by Bhat et at. suggested a role of PARylation in mustard induced DNA repair by stabilizing DNA ligase I, consistent with a decreased half life of ligase I and reduced DNA repair in PARP deficient keratinocytes (Bhat et al., 2006 (Bhat et al., , 2000 . Future studies are required to define the exact molecular basis for PARP activation during mustard induced genotoxic stress response and to unravel the down stream signaling effects of mustard induced PARylation.
PARP inhibitors should be considered with caution as a treatment option of SM induced pathologies, but may represent a possible chemosensitizer for mustard based cancer therapies
Animal experiments showed that PARP inhibition and/or boosting of NAD+ levels can reduce SM induced pathology, suggesting that PARP inhibitors may be used as a medical countermeasure for SM related injuries (Cowan et at., 2003; Gross et al., 1985; Mol et al, 1991 ; Yourick et at., 1991 Yourick et at., , 1993 Zhang et al., 69 1995 ) . Regarding the mechanism of action of such a treatment, it bas been suggestion, that PARP inhibition induces a switch in the mode of cell death by inhibiting necrosis but driving cells into apoptosis, which, in combination with inhibition ofNF KB related gene transcription, counteracts SM induced inflammatory responses (Bai and Virag, 2012a; Kehe et al., 2008; Meier and Millard, 1998; Rosenthal et al., 2001 ). However, an important caveat in this rationale is given by the double edged role of PARylation in mustard induced stress response, because in addition to its pro inflammatory role, PARPs are known to function as caretakers of genomic stability. Therefore, one of the key questions of the present study was to test if PARP inhibition in combination with mustard treatment may lead to potentiation of mustard induced genotoxicity, thereby potentially increasing the risk for cell transformation and carcinogenesis in the long run (Fig. 9 ) . As is evident from our functional data, PARP inhibition can sensitize cells to various endpoints of mustard induced toxicity (Figs. 5, 6 and 8 ) including micronucleus formation. Although the potentiating effects of PARP inhibition were moderate to mild, it has to be stressed that, e.g., micronucleus formation represents a rather drastic for m of genomic damage. Therefore, it is expected that more subtle forms of genomic alterations, such as mutations, microdeletions, and stalled replication forks, precede micronude us formation. Considering these results, we advise caution regarding the potential use of PARP inhibitors to treat non lethal mustard related pathologies, since at present it cannot be excluded that PARP inhibition leads to a potentiation of SM induced carcinogenesis in the long run. Nevertheless, pharmaco logical PARP inhibition may be considered as a treatment option for severe cases, i.e, for patients that were exposed to lethal doses of SM. In this case, the development of PARP inhibitors as SM antidotes may represent a potential strategy to pursue, since several PARP inhibitors are close to approval for their usage in ;m•g• Fig. 9 . Scheme summarizing potential mechanisms of mustard-induced genotoxicity. PARP activation and consequences of its inhibition. This scheme is based on findings of this study and evidence from the literature as discussed in the text body. Mustard agents induce DNA adducts. These adducts exert direct and indirect cytotoxic effects by either triggering genetic instability/mutagenesis or driving cells into death via apoptosisfnecrosis. In the course of the repair of these DNA adducts, DNA strand breaks can occur that may lead to PARPl binding and its activation, thereby supporting subsequent DNA repair steps. PARPl can contribute to tissue inflammation via PARPl-dependent cell death or transcriptional activation of NF-kB. The effect of pharmacological PARP inhibition is two-fold: On the one hand. as shown previously. PARP inhibition reduces mustard-induced tissue inflammation. however. on the other hand, PARP inhibition can potentiate mustard-induced genotoxicity (this study). thereby potentially driving carcinogenesis in the long run.
cancer therapies, which paves the way for potential off label usage. Furthermore, since PARP inhibitors potentiated mustard induced toxicity, it is tempting to speculate that their application may be useful as chemosensitizers of mustard base cancer therapies. Interestingly, some studies indeed support such a scenario. For example PARP inhibitors potentiated the effect of cyclophospha mide in preclinical tumor models (Donawho et al., 2007; Norris et al., 2014) , and clinical trials have been set up to further examine the tolerability and effectiveness of this drug combination (Kummar et al., 2012 ) (www.clinicaltrials.gov). Our results with chlorambucil and HN2 suggest that it may be worthwhile to consider also other combinations of PARP inhibitors with mustard based chemotherapeutics as treatment options.
